Aims. For the first time accurate pulsation properties of the ancient variable stars of the Fornax dwarf spheroidal galaxy (dSph) are discussed in the broad context of galaxy formation and evolution. Methods. Homogeneous multi-band BV I optical photometry of spanning twenty years has allowed us to identify and characterize more than 1400 RR Lyrae stars (RRLs) in this galaxy. Results. Roughly 70% are new discoveries. We investigate the period-amplitude distribution and find that Fornax shows a lack of High Amplitude (A V ∼ > 0.75 mag) Short Period fundamental-mode RRLs (P ∼ < 0.48 d, HASPs). These objects occur in stellar populations more metal-rich than [Fe/H]∼-1.5 and they are common in the Galactic halo (Halo) and in globulars. This evidence suggests that old (age older than 10 Gyr) Fornax stars are relatively metal-poor. A detailed statistical analysis of the role of the present-day Fornax dSph in reproducing the Halo period distribution shows that it can account for only a few to 20% of the Halo when combined with RRLs in massive dwarf galaxies (Sagittarius dSph, Large Magellanic Cloud). This finding indicates that Fornax-like systems played a minor role in building up the Halo when compared with massive dwarfs. Conclusions. We also discuss the occurrence of HASPs in connection with the luminosity and the early chemical composition of nearby dwarf galaxies. We find that, independently of their individual star formation histories, bright (M V ∼ < -13.5 mag) galaxies have HASPs, whereas faint ones (M V ∼ > -11 mag) do not. Interestingly enough, Fornax belongs to a luminosity range (-11<M V <-13.5 mag) in which the occurrence of HASPs appears to be correlated with the early star formation and chemical enrichment of the host galaxy.
Introduction
Our Local Group (LG) includes a sizable sample of dwarf galaxies located within the immediate surroundings of the two large spirals, the Milky Way (MW) and Andromeda (M31). Modern cosmological simulations predict that large galaxies assembled by means of merging processes starting from small protogalactic fragments Searle & Zinn (1978) , Springel et al. (2006) . Dwarf galaxies that we see today may be the relics of such fragments not cannibalized by the MW potential. Galactic archeology has been adopted to test this theoretical framework, with inconclusive results to date. In particular, the iron and the α-element distributions (see Venn et al. 2004; Tolstoy et al. 2009; Feltzing & Chiba 2013 , for reviews) have been used during the last decade as probes of the possible origin of halo stars. The general conclusion is that there are substantial differences in the chemical signatures of the dwarf galaxies compared to the Halo. Moreover, the chemical enrichment of Halo stars is quite complex and indeed α-element abundances display a well defined dichotomy (Schuster et al. 2012 ) and a steady decrease when moving from the inner to the outer Halo (R G ≥ 40 kpc, Fernández-Alvar et al. 2015) . However, recent high-resolution spectra clearly indicate a broad similarity between the metal-poor, and hence presumably the old, stars in the Halo and in several dwarf spheroidals (dSphs, Frebel et al. 2010a,b; Starkenburg et al. 2013; Fabrizio et al. 2015; Frebel & Norris 2015) .
In the interpretation of these chemical patterns, one must also take into account the complexity of dwarf galaxy chemical evolution, as clearly disclosed by recent high-resolution spectroscopic investigations on Fornax (Lemasle et al. 2014; Hendricks et al. 2014) , which confirm and expand on previous mediumresolution studies (Battaglia et al. 2008; Kirby et al. 2011 ; Letarte et al. 2006) . Indeed, the Fornax iron distribution peaks at [Fe/H] observed a clear enhancement in the metal-poor stars that gradually moves to a well defined depletion in the metal-rich ones. The α-element distribution also shows a well defined "knee" at [Fe/H] −1.9 that suggets an early onset of SNe Ia. This extreme chemical complexity goes hand in hand with a complex star formation history in Fornax (de Boer et al. 2012a; del Pino et al. 2013) . Other dwarf satellites are more simple in their range of ages and metallicities (Martínez-Vázquez et al. 2016a,b) , but the comparison between Halo stars and red giant branch (RGB) stars in nearby dwarf galaxies is still hampered by the fact that Halo stellar populations are dominated by old stars, while those in dwarf galaxies suffer the age-metallicity degeneracy and are a mix of old and intermediate-age stars.
That stars of different ages show a clear dichotomy in their chemistry and kinematics is illustrated by the results on Carina by Fabrizio et al. (2016) . Based on solid tracers of the old Horizontal Branch (HB) and intermediate-age red clump (RC) populations in Carina, these authors find a systematic difference in the metallicity distribution and kinematics between these two sub-populations. Specifically, current metallicity estimates based on RGB stars mainly trace the intermediate-age (RC) population, whereas the old stars are systematically more metal-poor. These considerations are consistent with the evidence that the intermediate-age star formation episode in Carina accounts for more than 70% of its stellar content (Dolphin 2002; Small et al. 2013 ).
An ideal experiment is one that compares stellar populations with the same age in both the Halo and nearby dwarf galaxies. This opportunity is offered by RR Lyrae stars (RRLs). They are precise distance indicators and solid tracers of evolving stars with initial mass lower than ∼ 0.8 M , i.e., stars older than 10 Gyr. Even though in extragalactic systems these stars are too faint (∼ 3.5-4 mag fainter than the tip of the RGB) to spectroscopically measure their individual chemical compositions, they can easily be detected and characterized by their pulsation properties (mean magnitudes, amplitudes, periods) well beyond our LG (e.g., the RRLs observed at ∼ 2 Mpc in the Sculptor group Da Costa et al. 2010) . They typically pulsate in the fundamental mode (RRab), the first overtone (RRc), or both.
In recent years, different photometric sky surveys have provided the pulsation properties of a large number (∼ 15'000) of Halo RRLs (e.g., CATALINA survey Drake et al. 2013) . Moreover they are ubiquitous, and indeed they have also been detected in galaxies of modest mass: classical dwarfs (e.g. Coppola et al. 2015; Martínez-Vázquez et al. 2016b ) and ultra-faint dwarfs (e.g. Garofalo et al. 2013; Boettcher et al. 2013 ). Our group is systematically investigating variable stars in the LG galaxies using both proprietary and archival data in order to maximize temporal coverage. The global photometry, including the properties of the variable stars are available to the community (e.g., Leo I, Carina, Sculptor 1 ). In this investigation we present new results for the RRLs in the Fornax dSph. These are used to provide an independent and global picture of the early chemical enrichment and the starformation history of this interesting galaxy. Fornax is among the most massive galaxies surrounding the MW and one of the few gas-poor stellar systems of the LG hosting (five) GCs. Although Fornax is relatively close (µ 0 = 20.84±0.04 mag, Pietrzyński et al. 2009 , using the tip of the RGB) and it has been the target of extensive photometric (Coleman & de Jong 2008; de Boer et al. 2012b ) and spectroscopic (Letarte et al. 2010; Kirby et al. 2011 ) investigations, we still lack a complete census of evolved variables. The main previous investigation was performed by Bersier & Wood (2002) and covered an area of nearly half a square degree, a minor fraction of the body of the galaxy (r t =71 arcmin Mateo 1998). Their V, I time-series data were collected using 1-1.3m telescopes in ∼ 2 seeing, and provided a sample of 396 RRab and 119 RRc as classified on the basis of their periods. The quality of their photometry was inadequate to determine accurate light curves, and the amplitudes of variation were not provided. A further, but still preliminary, investigation of cluster and field variables in Fornax was provided by Greco et al. (2005) using the imaging subtraction method. They found more than 700 candidates (see their Table 2 ) among RR Lyrae, Anomalous Cepheids and Dwarf Cepheids (SX Phoenicis). However, a detailed comparison is hampered by the lack of finding charts and astrometric positions of the candidate variables.
In this paper we present a nearly complete sample of RRLs observed in Fornax dSph (Section 2). For the first time we show their amplitude vs period diagram and we discuss its implications for the early chemical enrichment of Fornax dSph (Section 3). The period distribution of fundamental mode RRLs in Fornax dSph is used to derive constraints on the contribution of Fornax-like systems to the Galactic halo formation when compared with more massive dwarfs (Sagittarius and Large Magellanic cloud systems, hereinafter Sgr and LMC respectively), see Section 4. Finally, we interpret these findings in the broad context of LG galaxies (Section 5).
Photometric Data sets and RR Lyrae identification
The multi-band (BV I) optical photometry employed here is based on both proprietary and archival datasets. The images were collected with telescopes ranging from 0.9m to 8m aperture and cover a time interval of nearly 20 years (1994 December to 2014 October). The median seeing was 1 .1, with an interquartile range of 0 .95-1 .3. The data reduction and the calibration is part of the effort of PBS to build a data base of homogeneous photometry including star clusters and resolved galaxies. A full description of the data, data reduction, and of all the variable stars identified will be addressed in a future paper.
The variable candidates for which we have been able to determine at least a provisional period cover a sky area of ∼ 50 .×54 . around the galaxy center. The number of measurements per band is on average about 130 in B, 180 in V and 30 in I. Our approach for identifying variable stars has been described in several previous investigations (Stetson et al. 2014a,b) . We have identified ∼ 1900 candidate variables, among them 1426 bona fide RRLs for which we can fit light curves. In this investigation we focus on this unique sample of RRLs, since it increases the known sample by a factor of nearly three. Fig. 1 shows the location of the current RRL sample in the V, B-I ColourMagnitude diagram. The accuracy and the precision of this photometry is highlighted by the smooth transitions among the different populations in the region of the HB (V∼21-22). One can observe the blue HB (V ∼ 22.0-21.5, B-I∼0-0.5 mag), the RRLs (V ∼ 21.0-21.5, B-I ∼ 0.5-1.2 mag), the red HB (V ∼ 21.0-21.5, B-I ∼ 1.2-1.5 mag) representing the old (age older than 10 Gyr) stellar population and the RC stars (V ∼ 20.9-21.4, B-I ∼ 1.5-1.8 mag) tracing the intermediate-age population. Furthermore, the RGB stars display a well defined stellar over-density associated with the RGB bump (V ∼ 20.9-21.5, B-I ∼ 1.7-1.9). Note that we have plotted flux-weighted mean magnitudes for the variable strs. The few outliers observed can be explained by imperfect sampling of the light curve in at least one of the three bands (generally the I-band). This also explains why there are several RRab (red open circles) in the bluer region of the instability strip, i.e., the region where typically only RRc variables (blue dots) are located.
The Bailey diagram
To provide a solid classification of the RRLs in our sample we adopted the Bailey diagram (luminosity amplitude versus period), shown in Fig. 2 (top left panel) . Data (black dots) plotted in this figure display a well defined transition between RRc and RRab in the period range between log P=-0.35 and log P=-0.32 d. On the basis of this criterion we end up with 436 RRc and 990 RRab variables. It is worth noting that Fornax lacks High Amplitude Short Period RRab variables (HASPs), i.e., RRab with periods shorter than P ∼ < 0.48 d 2 (teal coloured region in Fig. 2 , left panel, see also Fiorentino et al. 2015) . Note that the lack of HASPs is also evident among the RRLs hosted in the five Fornax GCs (green and red circles Mackey & Gilmore 2003; Greco et al. 2007, respectively) .
In this context it is worth mentioning that across the transition region between RRc and RRab variables are also found the mixed-mode (RRd) variables that pulsate simultaneously in the first overtone (typically the main mode) and in the fundamental mode. They display a well-defined amplitude modulation but this is typically of the order of a few tenths of a magnitude (Smolec & Bakowska 2016) . In this region are also found Blazhko RRLs, i.e., RRLs that display amplitude and/or phase modulations on a time scale ranging from tens of days to years. The amplitude modulation ranges from a few tenths to more than half a magnitude (Piersimoni et al. 2002; Braga et al. 2016) . The pulsation characteristics available in the literature do not allow us to assess whether the Fornax cluster RRLs located below the HASP region (green circles in Fig. 2, left panel) are either RRd or Blazhko RRLs. Therefore, the periods and amplitudes for these stars, that appear to have in principle the right periods to be classified as HASPs, may not be definitive since the data presented in Mackey & Gilmore (2003) are undersampled, as 2 The boundary of the HASP at P ∼ < 0.48 d (Fiorentino et al. 2015 ) was arbitrary and based on preliminary evidence that no small dSph of the MW was known to host RRLs of this kind. Importantly, the updated catalogues for Sculptor (Martínez-Vázquez et al. 2015) and Fornax (this work) confirm that choice. The precise value of this limit has no impact on the present discussion.
A&A proofs: manuscript no. ms_fiorentino_acc discussed in their Section 3.4. However, four out of the five Fornax GCs are metal-poor and thus not expected to produce HASP RRLs (see below). These are the reasons why we do not further discuss the GC sample.
Circumstantial empirical and theoretical evidence indicates that the lack of HASPs can be explained by a lack of old stellar populations more metal-rich than [Fe/H]∼-1.5 (as shown in Fiorentino et al. 2015) . This finding may appear to be at odds with current spectroscopic measurements (Battaglia et al. 2008; Kirby et al. 2011; Letarte et al. 2006 Letarte et al. , 2010 Lemasle et al. 2014; Hendricks et al. 2014) showing that Fornax RGB stars peak at [Fe/H]∼-0.9 and range from -3.0 to -0.4 dex. Clearly, more metal-rich populations are present in Fornax, but they may just be too young to produce RRLs. A number of studies (Fabrizio et al. 2015 (Fabrizio et al. , 2016 Martínez-Vázquez et al. 2016b, e.g.) have demonstrated that purely old stellar populations do not necessarily share the mean chemical abundance of RGB stars. In agreement, the globular clusters support the inference that the old populations in Fornax are significantly more metal-poor than the average: the mean metallicity of four out of the five clusters is [Fe/H]=-2 or less (Letarte et al. 2006) , and only GC 4 has a mean metallicity as high as of [Fe/H]∼-1.40±0.06 (Larsen et al. 2012 using integrated-light, high-dispersion spectra, though it is also believed to be 3 Gyr younger than the other four, Buonanno et al. 1999 ). We note here that Letarte et al. (2006) found a bias in the estimated metallicity to higher values (amounting to ∼+0.3 to +0.5 dex) when using integrated-light spectra instead of individual stellar measurements.
To further test the hypothesis that Fornax RRLs are metal poor ([Fe/H] ∼ < -1.5), Fig. 2 (right panels) shows the comparison between the current sample of RRLs and evolutionary predictions for helium-burning structures available in the BaSTI data base. To compare theory and observations we adopted a true distance modulus of µ 0 =20.84±0.04 mag, a reddening of 0.03 mag (Pietrzyński et al. 2009 ) and the Cardelli et al. (1989) reddening law. The bottom panel of this figure shows the comparison between the theoretical Zero Age Horizontal Branch (ZAHB, solid black line) for two different chemical compositions [Fe/H]=-1.5 (bottom panel) and -2.2 (top panel) and for both a scaledsolar and an alpha-enhanced chemical mixture (Pietrinferni et al. 2014) . The dashed and dotted lines represent the loci of 90% and 100% helium exhaustion in the core. The time for the last 10% of helium exhaustion is only a few percent compared to the total lifetime spent close to the ZAHB (98%). The models suggest that RRLs in Fornax can be hardly explained as an old stellar population with a narrow and quite metal-rich ([Fe/H] ∼ > -1.5 dex) metallicity distribution. A metallicity distribution ranging from at least -1.5 dex to less than -2.2 dex seems more compatible with the wide HB distribution of RRLs. We note that the adopted evolutionary scenario does not affect our conclusions, indeed alpha-enhanced models for [Fe/H]∼-1.5 predict a ZAHB only slightly fainter (∆V∼+0.02 mag, darkgreen lines in figure) than scaled-solar ones.
Our conclusion is supported by an independent analysis by de Boer et al. (2012b) . They computed a detailed star formation history (SFH) and an age metallicity relation (AMR) combining deep-and wide-field photometry with medium resolution spectroscopy. They find that Fornax is dominated by intermediate age stars (<10Gyr) but also hosts an old population (>10Gyr). Furthermore, their AMR indicates that the old population has a metallicity [Fe/H] ∼ < -1.5 dex, thus explaining the lack of HASPs in spite of the very large RRL sample.
Building up the Galactic halo with Fornax-like dSph
In Fiorentino et al. (2015) we have shown that HASPs are observed in the Halo (see teal region in Fig. 2 ) while they are typically absent in dwarf satellites of the MW, with the exception of the most massive ones, such as Sgr and the Magellanic clouds. Thus, despite Fornax's large total mass, its huge RRL sample shows a behavior similar to the majority of low-mass dwarfs. Due to their very high amplitudes and to the good sampling of our dataset, the HASP deficiency can not be an observational bias and has strong implications for Halo formation. On the basis of the observational evidence that low mass dwarfs do not contain HASP RRL, in Fiorentino et al. (2015) we have argued that a major role for small dwarfs, as we see them today, can be excluded in building up the Galactic halo. This conclusion was based on a large sample of RRLs for the Halo (∼ 15000 stars) and for small (∼1300 stars) and large (LMC, SMC and Sgr) dwarfs. A similar conclusion was achieved by Zinn et al. (2014) but based on a smaller sample of Halo field (Smooth Halo, ∼ 170 objects) and Fornax dwarf (∼396 objects, Bersier & Wood 2002; Greco et al. 2005 ).
In Fig. 2 we show the period-amplitude diagram and the period distribution of the RRLs in Fornax (black solid line). For comparison we have plotted the Halo distribution for RRab stars (grey region) arbitrarly rescaled. The Fornax period distribution is very different from that for the Halo and resembles that found using the data on small mass dwarfs collected by Stetson et al. (2014b) . The latter is indeed well described by a Gaussian function peaked around ∼0.59 d and with a small σ (0.05). A Kolmogorov-Smirnoff test excludes the possibility that the two period distributions (bottom left panel of Fig. 2) are drawn from the same parent population.
In order to quantify the role of Fornax-like systems in Halo formation we have adopted the following approach. The main Fig. 4 . Luminosity-Metallicity distribution (McConnachie 2012) for all the dwarf galaxies of the LG for which a short-period variability study is available. Filled and empty circles mark either the presence or the lack of HASPs. slow and fast galaxies are colour coded with red and blue respectively. difference between the Halo and the Fornax period distribution is seen in their short-period tail. Therefore we decided to reproduce the Halo period distribution using a linear combination of Fornax-like systems plus massive galaxies that do host HASPs, i.e., the LMC and Sgr (Fiorentino et al. 2015) . For the sake of simplicity we have approximated all the distributions by analytical gaussian functions. To compare samples with similar size we have randomly extracted ∼2000 objects from the full Halo sample (grey histograms in Fig. 3 ). This extraction was repeated 200 times. We have used the same procedure for the LMC sample. For each Halo realization we have computed the linear combination that best reproduces the Halo gaussian function, see Fig. 3 (magenta lines). In each panel of this figure we also have shown the individual components that form the linear combination. Interestingly enough, when combined with Sgr (teal green lines, bottom-left panel), Fornax can contribute a fraction that goes from 0 to 20% of the Halo whereas this fraction decreases to 0-8% for the LMC (cyan lines, top-left panel). This suggests that Fornax-like systems, unlike other massive dwarfs, likely have mimimally contributed to the Halo. In this sense Fornax seems to be a transitional system between small and massive dwarfs.
HASPs and the early host galaxy evolution
To further investigate the connection between the chemical enrichment history in dwarf galaxies and their HASP content, we extend our discussion to the LG. Fig. 4 shows the classical mean metallicity-luminosity relation (data from McConnachie 2012) for LG dwarf galaxies. Only stellar systems in which at least one RRL has been found have been included. Filled circles represent systems hosting at least one HASP, while red and blue symbols represent fast and slow evolvers in the nomenclature of Gallart et al. (2015) : the fast galaxies formed the vast majority of their mass in stars at early epochs (>10 Gyr), while the slow galaxies are mainly dominated by a mix of intermediate-age and young stellar populations. This means that the old population in the latter systems represents only a minor fraction of the entire baryonic mass budget.
Data plotted in this figure indicate that the current sample can be split into three different groups:
-Bright systems -this group includes stellar systems brighter than M V ∼-13.5 mag, which all host HASPs. These galaxies surround both the MW (SMC, Soszyński et al. 2010; LMC, Soszyński et al. 2009; Sgr dSph, Soszyński et al. 2014) and M31 (NGC147, NGC185, Monelli et al. in preparation; M32, Fiorentino et al. 2010 M32, Fiorentino et al. , 2012 . With the exception of the Magellanic clouds and NGC147, the other galaxies are dominated by old stellar populations.
-Faint systems -this group includes stellar systems fainter than M V ∼-11 mag; none of these host HASPs. This is the largest sub-sample, dominated by gas-poor (dSph, ultra faint) systems made of mostly old stellar populations. A few galaxies hosting a significant intermediate-age population are also present, i.e., Carina (Monelli et al. 2003) ; Leo T dSph/dIrr ; DDO210 dSph/dIrr (Cole et al. 2014 ).
-Intermediate luminosity systems -this group includes stellar systems with absolute magnitude ranging from M V ∼-11 to -13.5 mag. These may or may not host HASPs, and we argue that the presence of HASPs is related to their individual early SFH (see below). This figure indicates that, among the more massive stellar systems, both slow and fast evolvers have had an early chemical enrichment that was rapid enough to produce such old ( ∼ > 10 Gyr), metal-rich ([Fe/H] ∼ > -1.5) stellar populations that we observe nowadays as HASPs. In contrast, the less massive galaxies had an early chemical enrichment insufficient to reach the necessary metallicity to produce HASPs. In the intermediate luminosity region there is also a mix of slow and fast galaxies. However, all the slow evolvers in this region completely lack HASPs (Leo I, Stetson et al. 2014a; Leo A, Bernard et al. 2013; Fornax, this work) , while the fast do host a small fraction of them ( ∼ < 3%; Sculptor Martínez-Vázquez et al. 2016b; Cetus, Bernard et al. 2009 ; Andromeda I and Andromeda II, Martínez-Vázquez et al. in preparation; Andromeda VI, Pritzl et al. 2002; Andromeda VII, Monelli et al. in preparation) . Therefore, in the transition region the total current baryonic mass (∼2-20×10 6 , McConnachie 2012) is not the only parameter driving the early chemical enrichment-and, in turn, the presence or lack of HASPs. The total luminosities of Fornax and Sculptor seem to be the lower limits for the presence of HASPs among slow and fast galaxies, respectively. This suggests that the presence/lack of HASPs in this luminosity range, with HASP present in fast galaxies but not in slow ones, depends strongly on the details of the early SFH, and further strengthens the hypothesis that slow and fast galaxies were already different ∼10 Gyr ago (Gallart et al. 2015) . It also establishes a means to get insight on the early SFH of dwarf galaxies based on the presence or absence of HASP among their RRL population.
Among the four cluster-bearing dwarf galaxies, the Sgr and Fornax dSphs have the same current luminosity (barionic mass, see Fig. 3 ) and similar numbers of globulars (Mackey & Gilmore 2004) . However, their mean metallicities and their evolution histories are quite different. As a matter of fact, the number of RRab in Sgr is almost a factor of two larger than in Fornax (∼1600 vs 1000) and there are clear differences in their RRab period distributions and in the HASP occurrence. The role played by Sgr and Fornax in building up the Halo has already been discussed by Zinn et al. (2014) , using more limited samples of field RRLs, and by Mackey & Gilmore (2004) using their cluster RRLs. Our findings support their results, further stressing the major contribution of massive stellar systems like Sgr and/or the LMC when compared with Fornax-like dSph galaxies (∼80-100% vs 0-20%) in very good agreement with current cosmological simulations (Cooper et al. 2010; Tissera et al. 2014) . In passing, we note that this is also consistent with the hypothesis put forward by Gallart et al. (2015) that slow dwarfs such as Fornax may have formed in low density environments, away from the main cosmic density fluctuations that gave rise to the MW or M31, which implies also a later accretion into the main galaxies.
Final remarks
The use of pulsation properties of RRLs (amplitudes, periods) as diagnostics of the metallicity distribution of old stellar populations dates back to more than one century ago. The results presented in this paper indicate that they can also be adopted to provide independent constraints for galaxy formation models, and in particular, for the role played by mergers in building up the halo of massive galaxies (Bullock & Johnston 2005; Zolotov et al. 2009 ).
This investigation paves the way to the use of RRLs for tracing the early star formation and chemical enrichment histories in Local Group galaxies and in nearby galaxy clusters. This opportunity becomes even more compelling if we account for the homogeneous multi-band (u,g,r,i,z,y) time series data that will be collected by the Large Synoptic Survey Telescope ( LSST Ivezic et al. 2010 ) and for the deep limiting magnitudes of individual exposures. Moreover, near-future space (James Web Space Telescope) and ground-based Extremely Large Telescopes will offer the opportunity to extend photometric and spectroscopic investigations of primary distance indicators to Local Volume galaxies.
